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Abstract
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A three-dimensional tissue culture model was used to investigate the biological effects of
nonuniform distributions of DNA-incorporated 125I in mammalian cells. Chinese hamster V79
cells were labeled with 125I-iododeoxyuridine, mixed with unlabeled cells, and multicellular
clusters (~ 1.7 mm in diameter) were formed by gentle centrifugation. The highly localized energy
deposition caused by 125I decays results in very high equivalent doses delivered to the labeled
cells and low equivalent doses delivered to the unlabeled cells. The clusters were assembled and
then maintained at 10.5°C for 72 h to allow 125I decays to accumulate, dismantled, and the cells
were plated for colony formation. When 100% of the cells were labeled, the survival fraction was
exponentially dependent on the mean radioactivity per labeled cell. A two-component exponential
response was observed when either 50 or 10% of the cells were labeled. These experimental data,
coupled with theoretical dosimetry calculations, indicate that bystander effects play an important
role in the killing of unlabeled cells when nonuniform distributions of DNA-incorporated 125I are
present.

1. Introduction
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Iodine-125 is among the class of radionuclides known as Auger electron emitters. This
radionuclide decays by electron capture and internal conversion resulting in the emission of
approximately one conversion electron and 25 Auger electrons per decay (Howell, 1992).
When localized in the cytoplasm of the cell, 125I results in toxicity typical of radiations of
low linear energy transfer (LET). However, when incorporated into DNA in the cell
nucleus, 125I is highly radiotoxic (Hofer and Hughes, 1971; Feinendegen, 1975; Hofer et al.,
1975; Kassis et al., 1987a,b; Rao et al., 1990). In fact, DNA-incorporated 125I can be as
radiotoxic as alpha particles of high LET (Rao et al., 1989; Howell et al., 1991). These and
other data are discussed by Sastry (1992) in an in-depth review of the biological effects
of 125I. The dosimetric aspects of 125I decay are discussed in depth in a report by Humm et
al. (1994).
Recently, there has been a substantial interest in the role of ‘bystander effects’ in the
biological response of mammalian cells to ionizing radiation. It has long been believed that
the principal genetic effects of ionizing radiation in mammalian cells are the direct result of
DNA damage in irradiated cells that has not been repaired adequately. Therefore, when cells
are exposed to radiation, only those cells that receive ‘hits’ from the emitted radiations
would be damaged. No effects would be observed in bystander cells that are not ‘hit’.
Studies from a number of laboratories suggest that these bystander cells do indeed incur
significant damage as a consequence of being in the neighborhood of irradiated cells
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(Nagasawa and Little, 1992; Hickman et al., 1994; Deshpande et al., 1996; Lehnert and
Goodwin, 1997; Mothersill and Seymour, 1997; Narayanan et al., 1997; Azzam et al., 1998;
Bishayee et al., 1999; Nagasawa and Little, 1999; Narayanan et al., 1999; Iyer and Lehnert,
2000a,b; Zhou et al., 2000; Azzam et al., 2001; Bishayee et al., 2001).
The issue of bystander effects is highly relevant to the biological effects of nonuniform
distribution of radioactivity. There is evidence of pronounced bystander effects in the form
of decreased cell survival when 3H is localized in the DNA of Chinese hamster lung
fibroblast (V79) cells and nonuniformly distributed in multicellular clusters (Bishayee et al.,
1999, 2001). Given the highly localized energy deposition associated with 125I decays
(Howell, 1992; Sastry, 1992; Humm et al., 1994), it is of interest to examine whether
bystander effects can be observed for this prolific Auger electron emitter. In the present
communication, the same multicellular cluster model is used to investigate bystander effects
caused by nonuniform distributions of 125I.

2. Materials and methods
2.1. Radiochemical and its quantification
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Na 125I in 0.1 N NaOH (13.6 GBq/ml) was obtained from NEN Life Science Products
(Boston, MA). Radiolabeled iododeoxyuridine (125IdU) was synthesized and HPLC purified
in our laboratory according to procedures previously reported (Harapanhalli et al., 1994).
The 125I activity was quantitated with a Beckman 5500 automatic gamma counter equipped
with a 3 inch sodium iodide well crystal (overall counting efficiency = 0.53).
2.2. Cell culture
V79 cells, kindly provided by Dr A. I. Kassis (Harvard Medical School, Boston, MA) were
used in the present study, with clonogenic survival serving as the biological endpoint. The
cells were cultured in minimum essential medium (MEM) supplemented with 10% heatinactivated (57°C, 30 min) fetal calf serum, 2 mM L-glutamine, 50 units/ml penicillin, and
50 μg/ml streptomycin (MEMA). The pH of the culture medium was adjusted to 7.0 with
NaHCO3. All media and supplements used in this study were from Life Technologies
(Grand Island, NY). Cells were maintained in Falcon (Becton Dickinson, Lincoln Park, NJ)
175-cm2 sterile tissue culture flasks at 37°C and 5% CO2, 95% air, and subcultured twice
weekly or as required (Bishayee et al., 1999). The plating efficiency was about 64%.
2.3. Assembly of multicellular clusters
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The protocols are as described earlier (Bishayee et al., 1999). V79 cells growing as
monolayers in 175-cm2 Falcon flasks were washed with 10 ml of phosphate-buffered saline,
trypsinized with 0.05% trypsin-0.53 mM EDTA, and suspended at 2 × 106 cells/ml in
calcium-free MEM with 10% heat-inactivated (57°C, 30 min) fetal calf serum, 2 mM Lglutamine, 50 units/ml penicillin, and 50 μg/ml streptomycin (MEMB). Aliquots of 1 ml
were placed in two sets of sterile 17 × 100-mm Falcon polypropylene round-bottom culture
tubes (10 tubes in each set) and placed on a rocker-roller (Fisher Scientific, Springfield, NJ)
for 3–4 h at 37°C in an atmosphere of 95% air and 5% CO2. After this conditioning period,
1 ml of MEMB containing various activity concentrations of 125IdU was added to the first
set of culture tubes containing 1 ml of V79 cells. The tubes were returned to a rocker-roller
at 37°C, 95% air, 5% CO2. After 12-h the cells were washed three times with wash MEMA,
and resuspended in 2 ml of MEMA, and passed several times through a 21 G needle.
Additional tubes containing cells not labeled with radioactivity were identically processed.
The radiolabeled cells were then mixed with unlabeled cells to get 100, 50 or 10%
radiolabeled cells, pelleted, and transferred directly to a sterile 400-μl polypropylene
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microcentrifuge tube (Helena Plastics, San Rafael, CA). The tubes were centrifuged at 1000
rpm for 5 min at 4°C to form clusters with diameter ~ 1.7 mm (4 × 106 cells).
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2.4. Cell survival
The microcentrifuge tubes containing the clusters were maintained at 10.5°C for 72 h to
allow 125I decay in the absence of cell division. This temperature was selected because V79
cells can remain in the cluster configuration at this temperature for long periods of time (up
to 72 h) without decrease in plating efficiency. This was also true for V79 cells in
suspension culture (Bishayee et al., 2001). The supernatant was then carefully removed and
the tubes were vortexed to disperse the cell clusters. The cells were washed three times with
10 ml of wash MEMA, resuspended in 2 ml of wash MEMA, passed several times through a
21 G needle (resulting in a single cell suspension with a doublet frequency of only 2.4%),
serially diluted, seeded in triplicate into 60 × 15 mm Falcon tissue culture dishes, and
incubated at 37°C with 95% air and 5% CO2. Between 200 and 20,000 cells were seeded
into each dish depending on the amount of 125IdU used. Aliquots were taken from each tube
before serial dilution as above and the mean radioactivity per cell was determined. After
seven days, the surviving fraction compared to controls was determined.

3. Discussion
NIH-PA Author Manuscript

3.1. 100% labeling: response of multicellular clusters and cell suspensions
Fig. 1 illustrates the surviving fraction of cells maintained in multicellular clusters for 72 h
as a function of 125I activity (mBq) per labeled cell. Also shown is the survival curve
obtained when cells were identically prepared except maintained as a single-cell suspension
for 72 h at 10.5°C. In this case, radiolabeled cells were suspended in 2 ml MEMB and
placed on the rocker roller for 72 h at 10.5°C (see Bishayee et al., 2000, for experimental
details). As expected for 100% labeling with 125IdU (Howell et al., 1991;Bishayee et al.,
2000), the response is monoexponential. The data were fitted by least squares to the
relationship,

(1)
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where SF is the surviving fraction, A is the activity per labeled cell and b, A1 and A2 are the
fitted parameters. The parameters A1 and A2 are analogous to Do values for the first and
second components, respectively. With b = 0 for monoexponential response, the fitted
values of A1 for cluster and suspension are 0.48 ± 0.05 and 0.52 ± 0.02 mBq/cell,
respectively. The response of the cells to incorporated 125IdU is essentially the same
whether the cells are arranged in the form of a cluster or maintained as a single-cell
suspension. Therefore, this suggests that the cross-dose received by the cells in the 100%
labeling case is not biologically significant.
It is of interest to point out that the A1 value for cell suspension is not in good agreement
with our published value of 0.15 mBq/cell (Bishayee et al., 2000). In these earlier studies, all
procedures were identical except that cells were rolled at a concentration of only 2 × 105/ml
as opposed to the present value of 2 × 106/ml. The large number of cells required for the
present experiments led us to grow the cells in large 175 cm2 flasks, and, rather than using a
low-density of cells in exponential growth, cells were allowed to achieve 80–90%
confluency prior to harvesting. This had a significant impact on the cell cycle status of the
cells as evidenced by standard propidium iodide flow cytometry analysis. Specifically, cell
cycle analysis after harvesting of low-density cells from 175 cm2 flasks revealed the
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following distribution: G1 54%, G2 8%, S 38%. The same distribution was observed after
this population was suspended in MEMB and placed on the rocker roller for 12 h (time
during which cells were labeled with the radiochemical). In contrast, high-density cells
exhibited the following distribution after harvesting: G1 76%, G2 5%, S 19%. After the 12 h
rolling period in the presence of 125IdU, the distribution was: G1 49%, G2 9%, S 42%. Hofer
et al. (1992) showed that DNA-incorporated 125I was highly toxic (akin to high-LET alpha
particles) in Chinese hamster ovary (CHO) cells when the cells were pulse labeled in earlyS, allowed to progress to late-S/G2 phase, and then frozen for decay accumulation. They
were far less toxic (akin to low-LET X-rays) when they were pulse labeled in early-S phase
and frozen in early-S phase for decay accumulation. The cell cycle distribution for our
confluent culture shows a large percent of the population was synchronized in G1 upon
harvesting, and then released upon transferring to suspension culture for labeling. The
distribution after the 12 h labeling period shows that there was a large shift from G1–phase
into S-phase and only a small shift from S into G2. Given that the number of the cells in the
population did not change appreciably during this labeling period, few cells in the
population moved through M-phase. The differences in cell cycle distribution between the
high- and low-density harvested cells had a significant impact on the distribution of phases
when the cells were at 10.5°C for decay accumulation, and may have a significant impact on
the period in S-phase during which the cells were labeled. This may provide an explanation
for the departure of the present value of A1 for suspended cells compared to our previous
value. Detailed cell cycle analyses at various times throughout the experiment are required
to confirm and refine this hypothesis.
3.2. 100, 50 and 10% labeling: response of multicellular clusters
Fig. 2 shows the cell survival fraction as a function of radioactivity per labeled cell for
multicellular clusters wherein 100, 50 or 10% of the cells were labeled with 125IdU. The
data for 100% labeling includes data from Fig. 1 as well as data from two additional
experiments. A least squares fit to the combined data (four experiments) gives A1 (100%) =
0.41 ± 0.02 mBq/cell. Two-component exponential survival curves emerge when 50% and
10% of the cells in the cluster are labeled (Fig. 2 inset). In the 50% labeling case, as the
activity per labeled cell increases, the survival fraction drops sharply to about 50% and then
continues to drop albeit with a shallower slope. The first component of the two-component
survival curve indicates lethality to the radiolabeled cells whereas the second component
represents killing of unlabeled cells. A similar pattern emerges for 10% labeling, however,
the initial drop ends at about 90% survival. These data are fitted to two-component
exponential functions as defined by Eq. (1). Table 1 summarizes the fitted parameters for the
different labeling conditions.
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3.3. Absorbed dose to labeled and unlabeled cells
The radionuclide 125I emits short-range conversion electrons and Auger electrons with
ranges in water from 0 to 20 μm (Howell, 1992). Because the 125IdU is localized in the cell
nucleus, the extremely short-range Auger electrons only irradiate the cells containing
radioactivity. However, the conversion electrons and K-shell Auger electrons are
sufficiently energetic to cross-irradiate the unlabeled cells. Therefore, the absorbed dose
must be calculated for both the labeled and unlabeled cells. The mean diameter of a V79 cell
is 10 μm and its nucleus has a mean diameter of 8 μm (Howell et al., 1991). A spherical
cluster of 4 × 106 cells in hexagonal close packed geometry is about 1750 μm in diameter.
Using the model of Goddu et al. (1994) and the 125I radiation spectrum (Howell, 1992), the
mean self absorbed dose to the nucleus of a labeled cell per unit cumulated activity in the
nucleus of the labeled cell is Sself(labeled ← labeled) = 6.60 × 10−3 Gy/Bq s. The mean self
absorbed dose to the nucleus Dself(labeled) = Ã Sself(labeled ← labeled) = 2.25 Gy per mBq
in the cell. The mean cross-dose to the unlabeled cell depends on the percentage of cells in
Micron. Author manuscript; available in PMC 2011 February 17.
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the cluster that are labeled. The mean cross-doses Dcross to the nucleus of the cells in the
1750 μm cluster are 0.055, 0.27, and 0.55 Gy per mBq in the labeled cell for 10, 50 and
100% labeling cases, respectively. The cross-doses are essentially the same for the labeled
and unlabeled cells.
3.4. Evidence of bystander effects in the unlabeled cells
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Now that the cross-doses have been calculated, one can examine the presence of bystander
effects imparted to the unlabeled cells. In published studies (Bishayee et al., 1999), the
response of the cluster to chronic external irradiation with 137Cs gamma rays delivered
under identical conditions was linear-quadratic (LQ) (S = exp(−αD−βD2) with α = 0.044
Gy−1 and β = 0.00391 Gy−2. This corresponds to a D37 of 11.3 Gy. Assuming that the 125I
conversion electrons and K-shell Auger electrons (energies ranging from 20 to 30 keV)
induce a linear-quadratic response that is the same as chronic external gamma rays, one can
project the survival fraction of the unlabeled cells. Consider the case of 10% labeling case
where 250 mBq/labeled cell is required to achieve an overall survival fraction for the mixed
population of 0.001. In this case, Dunlabeled = Dcross = 250 mBq (0.055 Gy/mBq)= 13.8 Gy.
Using the LQ model above, the surviving fraction of unlabeled cells should be about 0.26.
Given that essentially none of the labeled cells will survive 250 mBq, the overall survival
fraction for the population is expected to be 0.13. This is far greater than the experimentally
observed value of 0.001. Similar results emerge in the 50% labeling case. This suggests that
bystander effects are operational when nonuniform distributions of 125IdU are present.
Furthermore, bystander effects in unlabeled cells far outweigh the effects of the crossirradiation.
3.5. Equivalent dose to the labeled and unlabeled cells
The importance of bystander effects in unlabeled cells caused by nonuniform distributions
can be better understood by a more detailed dosimetric analysis. Although the absorbed dose
is a useful quantity, the biological effectiveness of the self- and cross-doses are very
different for DNA-incorporated 125IdU. The relative biological effectiveness of the self-dose
for 125IdU can be obtained for this model by comparison with the response of the cluster to
chronic external irradiation with 137Cs gamma rays delivered under identical conditions. As
noted in the previous subsection, the chronic gamma dose required to achieve 37% survival
(D37) is 11.3 Gy. For 100% labeling, the total mean D37 is the sum of the self and crossdoses: D37(125IdU) = Dself + Dcross = 0.41 mBq (2.25 Gy/mBq + 0.55 Gy/mBq) = 1.15 Gy.
The relative biological effectiveness (RBE) of the mixed radiation field at 37% survival is
therefore RBEmixed = D37(gamma)/D37(125IdU) = 11.3/1.15 = 9.8. The RBE of the mixed
radiation field can be expressed as a weighted sum
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(2)

where qself and qcross represent the fraction of the total dose delivered by the self- and crossdoses, respectively, and RBEself and RBEcross represent the RBE of the self- and crossdoses, respectively (Azure et al., 1994). Assuming that the RBE for the cross-dose is
equivalent to that for chronic external 137Cs gamma rays, then RBEcross = 1. Solving Eq. (2)
for RBEself, one obtains RBEself = 12. This high RBE value is in keeping with the high RBE
values that have been observed for 125IdU.
Given the different RBE’s for the self- and cross-doses, one cannot directly compare the
dose to the labeled cells with the dose to the unlabeled cells in 10 and 50% labeling cases.
To accomplish this, one can invoke the equivalent dose defined as H = Σ wR DR where wR is
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the radiation weighting factor and the sum is over R different contributions to the total
radiation dose (ICRP, 1991). With wR = RBER, then the equivalent dose to the cells for
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(3)

The equivalent dose to the unlabeled cells is simply given by
(4)

Finally, the ratio of the equivalent dose to the labeled cells relative to the unlabeled cells is
obtained by dividing Eq. (3) by Eq. (4).

(5)
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For 10% labeling, RBEself/RBEcross = 12, Dself/Dcross = 2.25/0.055 = 41, and f10% = 490.
For 50% labeling, RBEself/RBEcross = 12, Dself/Dcross = 2.25/0.27 = 8.3, and f50% = 100.
Therefore, the equivalent dose to the labeled cells is 490 and 100 times greater than the
equivalent dose to the unlabeled cells when 10 and 50% of the cells are labeled,
respectively. These values are helpful in terms of understanding the relative unimportance of
the cross-dose in the overall response of the mixed cell population. In fact, these values are
similar to those determined earlier for 3H-thymidine where marked bystander effects were
also observed (Bishayee et al., 2001).
In conclusion, the present study provides new data on the biological effects of nonuniform
distributions of incorporated radioactivity using a novel approach to specifically control the
degree of nonuniformity. Specifically, this study establishes the response of V79
multicellular clusters to DNA-incorporated 125I and furnishes additional evidence that
bystander effects play a significant role in determining the biological effects of tissueincorporated radioactivity.
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Fig. 1.

Survival of V79 cells as a function of activity per labeled cell wherein 100% of the cell
population was labeled with 125IdU. Cells were maintained in MEMA as multicellular
clusters (●, ■) or as suspensions (○, □). Circles and squares represent independent
experiments.
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Fig. 2.
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Survival of V79 cells as a function of activity per labeled cell wherein 100% (○), 50% (△),
or 10% (◇) of the cells were labeled with 125IdU and used to form multicellular clusters.
Data from four, six, and four independent experiments are presented for each case,
respectively. Standard errors for each data point are of the order of the dimensions of the
symbols. The inset is an enlargement of the low activity per labeled cell region.
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A1 and A2 are analogous to the Do’s of the first (labeled cells) and second (by stander cells) components of the fitted survival curve (Eq. (1)).
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Fitted parameters for survival curves for multicellular clusters
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